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Abstract—The CubeSat platform is finding increasing use in
space science applications due to its low cost and comparative
ease of launch. It is becoming a key scientific discovery tool in
low Earth orbit (LEO) and beyond, including geosynchronous
equatorial orbit (GEO), the Lagrange Points, Lunar missions,
and more. The increasing complexity of these missions and
their scientific goals must be supported by equal advancements
in communications technology. Higher data rates and greater
reliability are required every year. However, the reduced Size,
Weight, and Power (SWaP) constraints of CubeSat platforms introduce unique challenges in the area of satellite communications.
There is currently a lack of communication equipment tailored
specifically to the CubeSat platform. This lack of standardized,
tested equipment extends development time and reduces mission
confidence. Furthermore, missions utilizing the CubeSat platform
are often subject to more difficult design constraints. Antenna
placement, size, and pointing are often subordinate to the
requirements of the payload instruments and mission goals.
Traditional link margin estimation techniques are insufficient in
these cases, as they emphasize worst case scenarios. In reality
the actual link parameters may vary widely even during a single
pass. This presents new challenges in predicting communications
performance and scheduling ground station contacts, but also
new opportunities for improving efficiency. This paper presents
the integration, testing, and validation process for a new software
defined radio (SDR) designed for the CubeSat platform in
conjunction with Vulcan Wireless, Inc. The SDR is planned for
use on 5 upcoming CubeSat missions at NASAs Goddard Space
Flight Center (GSFC) including a Geosynchronous Transfer
Orbit (GTO) mission and it may also serve as a standard and
well-tested option for future missions by enabling a standardized,
rapid and low cost CubeSat communication system network
integration process. Detailed simulations have been developed
to estimate the communication performance of these missions,
taking the unique antenna placements and attitude behavior

of each satellite into account. These simulations allow a much
more accurate analysis of the expected link margin, which varies
considerably during each pass for the NASA Space Relay (SR)
and Direct to Earth (DTE) network. The modelling procedures
are outlined, and the results are used to predict communications
performance of the missions.

I. I NTRODUCTION
The small size and low deployment cost of the CubeSat
platform is attractive for many demonstrator projects and science missions, and these missions are becoming increasingly
complex. This presents a challenge in facilitating communication with the satellite. More advanced designs may include
a greater number of sensors, higher data resolution, etc. This
greatly increases the amount of data which must be transmitted
back to earth. At the same time, there is pressure to reduce
both the size and power consumption of the communication
equipment in order to allocate maximum resources to the
mission payload. These challenges require both hardware and
mission planning solutions. Improved and application-specific
hardware is needed to increase efficiency while improved link
budget methodology can allow for smaller margins and greater
mission confidence. Several recent efforts at NASA’s Goddard
Space Flight Center (GSFC) address these challenges.
A. Developed Communication Hardware
Vulcan Wireless Inc. has developed the NSR-SDR-S/S, an
S-band software defined radio (SDR) solution tailored for
the NASA Goddard Space Flight Center (GSFC) CubeSat
platform [1]. The SDR solution standardizes communications

designs, reducing design cost, validation effort, and development time. A broad range of missions requiring various data
rate, modulation, and coding requirements can be supported
with minimal additional effort. The SDR is currently being
tested for performance and compatibility with NASA’s Near
Space Network (NSN). It is planned for use in five upcoming
CubeSat missions which will launch between 2022 and 2023.
The SDR will also likely find long-term use in future CubeSat
and SmallSat applications.
B. CubeSat Mission Descriptions
The five CubeSat missions utilize a similar 6U CubeSat
platform, but have different mission requirements and
operations[1].
Dione: Investigating Ionosphere-Thermosphere responses
to Magnetospheric forcing. Measurements of electromagnetic
and kinetic energy will be taken as well as other IonosphereThermosphere responses. Dione’s data collection is performed
exclusively over the poles. The CubeSat will reside in a
high-inclination LEO orbit.
PetitSat: Investigating the link between Medium-Scale
Traveling Ionosphere Disturbances and plasma enhancements.
Plasma density, 3D ion drift, and ion/neutral composition
will be measured. The satellite will be deployed from the
International Space Station (ISS) in LEO orbit. It’s inclination
will be significantly lower than Dione.
BurstCube: Aids in the study of Gravitational waves by
detecting short Gamma-ray Bursts (sGRBs). Burstcube will
send a rapid alert through the Tracking and Data Relay
Satellite System (TDRSS) upon detection of an sGRB. These
alerts will enable follow-up observation and analysis. This
CubeSat will launch into an ISS orbit similar to PetitSat.

highly eliptical, and Lagrange. Multiple mission phases are
supported from launch through disposal and the network
services both governemnt and commericial missions. Large
antennas on the order of 10 m diameter provide data rates in
10’s of Mbps. However continuous coverage is not available
since the ground station network does not cover the entire sky.
The Space Relay (SR) segment utilizes a network of GEO
Tracking and Data Relay Satellites (TDRS). Unlike the DTE,
the SR network can provide continuous global coverage for
CubeSat missions. However satellite power constraints and
large distances limit the available data rate to kbps speeds
without deployable high gain atennas [3]. This complexity is
undesirable and may be impossible given the Size, Weight, and
Power (SWaP) requirements of some missions. This papers
assumes that the SR will be primarily used for low rate
command and alert data, and simulation efforts focus on the
DTE segment.
D. Performance Analysis and Mission Planning
The SDR testing and CubeSat mission planning are supported by traditional component measurement and performance estimation activities. The typical approach is to develop
a worst-case link budget using conservative estimations of
antenna gain, link distance, and other mission parameters.
However the limited size, weight, and power (SWaP) considerations on the CubeSat platform often limit attitude control and
do not allow for independent antenna pointing. The means that
the link quality may vary widely both during individual passes
over a ground station and between passes over the mission
lifetime. The simple worst case assumptions are no longer
sufficient in this scenario. A much more accurate analysis is
required to ensure successful communication and to efficiently
utilize the satellite’s power budget by correctly determining the
required transmit power.
E. Paper Outline

SNOOPI: Demonstration of reflection coefficient
measurement in P-band land surface reflections. These
measurements will enable future remote detection of Root
Zone Soil Moisture (RZSM) and Snow Water Equivalent
(SWE). SNOOPI will utilize a similar orbit to PetitSat and
BurstCube.
GTOsat: Study of acceleration and loss of relativistic
electrons in the Earth’s outer radiation belt. GTOsat is the only
CubeSat in this mission set which is not in an LEO orbit. It’s
highly eliptical GTO orbit passes within 400 km of the earth
at perigee and extends to distances of up to 7 earth radii at
apogee.
C. Network
The NSN is divided into two functional components. The
Direct-to-Earth (DTE) segment is a system of ground-based
antennas located around the world [2]. These antennas provide
direct communication with satellites using VHF, X-band, Sband, and Ka-band frequencies. They support a range of orbits, including Low Earth Oribt (LEO), Geostationary (GEO),

This paper presents testing and validation efforts for the
Vulcan NSR-SDR-S/S software defined radio on five CubeSat
missions under development at GSFC. Various test campaigns
are currently underway to validate performance. These are
presented first. Simulation efforts to estimate in-orbit communication performance with the DTE are presented next. The
simulation setup is explained, and the results are discussed and
compared to rough-estimate expectations. Finally, the results
and possible applications are discussed.
II. T ESTING
Several testing campaigns are currently underway to assess
the mission performance of the CubeSats. These tests validate
the operation of the satellite within the SWaP constraints,
and this influences the resources which can be devoted to
communications.
A. Compatibility Tests
To confirm the compatibility of CubeSat radios with SR and
DTE networks, a general compatibility test was performed for

the Vulcan NSR-SDR-S/S radio. The testing covers all possible functionality and options that may be used for all of the
missions. Separate tests were also performed for each mission
with their unique configuration (speed and orbit parameters)
to confirm the entire loop between satellite, network, network
ground stations and mission operation control (Figure 1). The
general compatibility test included two sections, DTE and SR.
For DTE, three primary uplink and downlink speeds were
assessed with on-orbit mission parameters to verify the quality
of signal and measure communication performance. The test
was also performed with a SR radio connected to a dish
with the same parameters of the flight antenna communicating
with TDRS satellites. During this test, the data quality was
checked for three primary forward and return speeds using
TDRS Multiple Access (TDRS-MA). The data quality of three
return speeds for the Demand Access System (DAS) was also
evaluated.

will remain within specifications up to the mission identified
dose levels, while SEE tests are used to screen out components
susceptible to destructive SEEs and calculate the rates of nondestructive SEEs. Not all components are susceptible to all
types of radiation effects and careful parts selection allows for
testing to be tailored to the types of radiation effects expected
to be observed.
The components identified for use in the NSR-SDR-S/S
communication system will need to be evaluated for TID
and SEE sensitivity; the components are not expected to be
sensitive to TNID due to the technology processes used. At
least one component is built on a bipolar-CMOS (BiCMOS)
process and may need to be evaluated for Enhanced Low Dose
Rate Sensitivity (ELDRS), a phenomenon in which components show increased degradation from TID at low dose rates
compared to high dose rates. ELDRS TID testing is identical
to standard TID testing, except that the dose rates used are
much lower (∼ 10 mrad(Si)/s) and more consistent with the
natural space radiation environment. All the components will
need to be evaluated for SEEs. Non destructive SEEs, such
as transients and upsets, can occur in most of the devices.
Testing will allow for the characterization of worst-case events
and the calculation of expected on-orbit error rates. Several of
the components may be susceptible to destructive SEEs and
testing will be done to identify the likelihood of a single point
failure occurring on-orbit.
D. Gain Pattern Measurement

Fig. 1: TDRSS full loop test
B. Environment and Interference Tests
The NSR-SDR-S/S performance in the space environment
will be assessed through a battery of of tests. Electromagnetic
Interference/Compatibility (EMI/EMC) testing will ensure that
the device meets MIL-STD-461 standards. Thermal Vacuum
(TVAC), vibration, and shock tests are ongoing.
C. Radiation Tests
Radiation susceptibility of the NSR-SDR-S/S communication system will be assessed via tailored approach to radiation hardness assurance (RHA) [4]. There are three primary
radiation effects to consider: total ionizing dose (TID) effects, single event effects (SEEs), and total non-ionizing dose
(TNID) effects. TID and TNID effects result in the long-term
degradation of component functionality, with complete loss
of functionality usually occurring after some amount of time.
SEEs occur over a much shorter time scale than TID and TNID
effects, nearly instantaneously, and are categorized as either
destructive or non-destructive. Destructive SEEs result in loss
of device functionality and are considered single point failures,
while non-destructive SEEs are recoverable either through selfrecovery or through user intervention. Careful parts selection
and radiation testing are key aspects to RHA. TID and TNID
tests are used to determine the likelyhood that components

S-band patch antennas are used for communication on all
five of the CubeSat missions. The missions utilize a similar
bus and antenna placement. Two oppositely oriented antennas
are placed at corners of the CubeSat bus as shown in Figure
2. The illustrated line of site (LOS) cones are based on the
antenna half-power angle. The goal of this arrangement is to
approximate omnidirectional coverage in a small form factor.
However, the actual half-power beamwidth of the antennas is
70 degrees and the effects of the satellite body on this pattern
are not obvious. Therefore, measurements were performed
to characterize the performance of the overall system. The
antennas were mounted on the CubeSat bus with mock solar
panels in the deployed position. This setup was placed in an
anechoic chamber as shown in Figure 3. The resulting gain
pattern was applied to the STK model as shown in Figure 4.
III. S IMULATION D EVELOPMENT
Here a more detailed simulation approach for determining the overall system performance and available margins
is presented. Accurate simulation models were developed
using AGI’s Systems Tool Kit (STK). The models accurately
reflect the attitude behavior (solar tracking, sensor pointing,
engineering modes, etc.) of each CubeSat mission. Measured
performance data was incorporated in these simulation to
maximize accuracy of the results. A data rate of 3.444 Mbps
and a transmit power of 4.0 W are assumed.

Fig. 4: Measured gain pattern as applied to the simulation
model

Fig. 2: Antenna placement and approximate line of sight.
Green = forward antenna, Teal = rear antenna

Fig. 3: Anechoic chamber setup
A. Existing Methods and Motivation
A link margin analysis is normally performed during the
design of a satellite system. This process estimates the signalto-noise ratio at the receiver and compares the result against
minimum requirements. The general estimation is given by:
Eb /N0 [dB] = EIRP − Ls − Lprop − R + [G/T ]K − K (1)
where EIRP is the effective isotropic radiated power, [G/T ]K
is the receive antenna gain to noise temperature, Ls is the free
space path loss due to divergence, Lprop represents various
propagation losses in the atmosphere, R is the data rate loss,

and K is Boltzman’s Constant. The free space path loss Ls
is the dominant loss at the large distances from Earth to LEO
altitudes.
The typical link margin analysis evaluates Eq. 1 for only
one set of values. Worst-case transmit distance and antenna
gains are chosen, and the necessary transmit power to maintain
an adequate link margin is determined. In reality, the link
equation is not constant. The transmit distance varies by
hundreds of kilometers during a single pass over the ground
station. It will also change between passes as the Earth rotates
under the satellite’s path. The assumption becomes even worse
in the case of a resource-constrained CubeSat system. The
CubeSats studied here lack independent pointing and tracking
systems for the simple patch antennas. Therefore the needs
of the communication system are often in conflict with other
systems critical to the mission objectives. Sun tracking with
solar panels or attitude changes to collect mission data may
take precedence over optimal ground station tracking. Therefore EIRP may also vary widely during each pass. These
factors make it difficult to accurately estimate performance
with simple calculations. A more detailed study can provide
more useful insight into the system’s performance.
B. Attitude Behavior
Most of the five CubeSat missions must maintain specific
attitudes under various conditions throughout the mission. For
example, Dione rotates to track the sun when light is available,
but must switch to a specific fixed attitude while it is over
the poles for data collection. By contrast, GTOsat maintains
constant sun tracking, and spins about the sun vector. There
is no operational mode dedicated to communication/pointing,
and so the direction of the antennas is constantly changing.
The unique attitude behavior of each CubeSat was replicated
in STK. The antenna patterns shown in Figure 4 are fixed to the
3D model of the CubeSat, and allow the varying gain due to
attitude change to be factored into the link budget calculations.

C. Ground Stations
Four primary DTE ground station antennas are planned for
use with the five CubeSat missions. These stations are listed
in Table I. The stations were modelled as standard parabolic
TABLE I: Ground Station Parameters
Station
Alaska AS2
Wallops WG1
Wallops WG2
Whitesands WS1

Operating Freq
2200
2200
2200
2200

–
–
–
–

2400
2400
2300
2300

MHz
MHz
MHz
MHz

Antenna Gain
45 dBi
45.8 dBi
39.4 dBi
50.0 dBi

G/T
21.2
22.8
17.0
29.6

dB/K
dB/K
dB/K
dB/K

dishes in STK. These stations track the CubeSats, so the
receiver gain remains constant.

the data in Figure 5. Figure 6a shows a “typical” pass. The
actual received Eb /No is higher than the estimate produced by
the simple link margin analysis (red line) for most of the pass.
However, there is a sharp drop in the middle of the pass were
Eb /No drops below the minimum value. This drop counterintuitively occurs when the CubeSat is closest to the ground
station. Here the ground station antenna is pointed towards
the gain pattern null in the center of the CubeSat, reducing
the antenna gain enough to lose the signal. The CubeSat
flies directly overhead during some passes. In these cases, the
transmit distance is shortened enough to overcome the large
gain reduction, and the link is maintained throughout the entire
pass. This case is illustrated in Figure 6b.

IV. S IMULATION R ESULTS
The STK simulations were run over a sample period of
one month. This provides hundreds of passes over the ground
stations, and allows the full range of possible distances and
access angles to be studied.
A. Received Eb /No
Antenna gain is determined in 10 second intervals by
comparing the access angle between the CubeSat and ground
station to the measured gain pattern. This information is combined with the transmit distance at each sample time and the
ground station parameters according to Equation 1 to compute
the time-varying received Eb /No throughout each pass. A
sample of the generated data is shown in Figure 5. Individual
passes are distinguished by unique coloring on the plot and
red highlighting marks any drop below the minimum Eb /No
required to maintain a link. There is a very large variance

(a)

(b)

Fig. 5: Ground station accesses over 1 month
in the received signal between passes. Many passes exceed
the minimum Eb /No by more than 20 dB initially, but drop
below minimum for at least some amount of time. However
the duration of this dropout varies greatly, and some passes
experience none. Figure 6 illustrates two passes pulled from

Fig. 6: Individual passes (a) Typical pass with loss of link (b)
Strong pass with no drop below minimum Eb /No
B. Estimating Mission Performance
The duration of communications loss is primarily determined by distance of the orbital path from the ground station,
with direct or nearly direct overhead passes having no loss of

the link. The Earth’s rotation will constantly vary this distance,
and so the total access data illustrated in Figure 5 must be
checked to ensure that a sufficient number and duration of
daily accesses will occur. Table II lists the mean duration of
ground station accesses over the simulated time period. The
dropout duration was defined as the amount of time spent
below minimum Eb /No during each pass. The min, max, and
mean of these dropouts was also determined and is shown in
Table III. Attitude information was not available for SNOOPI
at the time of this simulation, and so results are not included
for this CubeSat.
TABLE II: Access Times
CubeSat

Mean

Max

Min

Dione
PetitSat/BurstCube
GTOSat

5:29 min
6:06 min
7:08 min

10:16 min
10:18 min
9:54 min

< 1 sec
1 sec
6 sec

TABLE III: Dropout Times

CubeSat

Mean

Max

Min

Dione
PetitSat/BurstCube
GTOSat

47 sec
29 sec
6:35 min

5:30 min
1:30 min
9:49 min

1 sec
3 sec
49 sec

C. Transmit Power Reduction
The plots in figure 6 show relatively flat received Eb /N0
during most of the pass. The drop in Eb /N0 caused by the null
between antennas is steep and relatively narrow. This suggests
that transmit power could be reduced to some extent without
significantly increasing the time below minimum Eb /N0 ,
which could be a useful strategy for improving the overall
efficiency and performance of the CubeSat. This possibility
was investigated by recomputing the access data using various
transmit powers. Figure 7 shows the mean dropout time under
transmit powers ranging from 12.6 mW (extremely low) to
4 W (original level). Transmit power may be reduced to
approximately 1 W with a relatively mild penalty in mean
dropout duration for the CubeSats in LEO (Dione, PetitSat,
BurstCube). GTOsat’s large elliptical orbit and rotation about
the sun vector changes the nature of the link during each pass,
and dropout time increases more rapidly for this CubeSat.
Further reduction of transmit power to values below 1 W
causes a rapid increase, and the dropout duration ultimately
becomes equal to the mean pass duration.
V. C ONCLUSION
This paper presents the integration, testing, and validation
process for a new software defined radio (SDR) designed for
the CubeSat platform in conjunction with Vulcan Wireless,
Inc. The SDR is planned for use on 5 upcoming CubeSat
missions at NASAs Goddard Space Flight Center (GSFC)
including a Geosynchronous Transfer Orbit (GTO) mission
and it may also serve as a standard and well-tested option for

Fig. 7: Dropout duration vs Tx power

future missions by enabling a standardized,rapid and low cost
CubeSat communication system network integration process.
This paper also investigates NASA GSFC communication
infrastructure solutions for currant and upcoming CubeSat
missions. The CubeSat platform is finding increasing use in
space science applications due to its low cost and comparative
ease of launch. It is becoming a key scientific discovery tool in
low Earth orbit (LEO) and beyond, including geosynchronous
equatorial orbit (GEO), the Lagrange Points, Lunar missions,
and more. The increasing complexity of these missions and
their scientific goals must be supported by equal advancements in communications technology. Higher data rates and
greater reliability are required every year. There is currently a
lack of communication equipment tailored specifically to the
CubeSat platform. This lack of standardized, tested equipment
extends development time and reduces mission confidence.
Furthermore, missions utilizing the CubeSat platform are often
subject to more difficult design constraints. Traditional link
margin estimation techniques are insufficient in these cases,
as they emphasize worst case scenarios. In reality the actual
link parameters may vary widely even during a single pass.
This presents new challenges in predicting communications
performance and scheduling ground station contacts, but also
new opportunities for improving efficiency. Detailed simulations have been developed to estimate the communication
performance of these missions, taking the unique antenna
placements and attitude behavior of each satellite into account.
The resulting date allows accurate analysis of the expected
link margin, with improved estimates of mean, min, and
max access duration. Potential opportunity for transmit power
reduction is also identified. This data is useful for both current
and future mission planning.
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